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Abstract 
Background: One of the central issues in microbial ecology is to understand the parameters that drive diversity. 
Among these parameters, size has often been considered to be the main driver in many different ecosystems. Surpris‑
ingly, the influence of size on gut microbial diversity has not yet been investigated, and so far in studies reported in 
the literature only the influences of age, diet, phylogeny and digestive tract structures have been considered. This 
study explicitly challenges the underexplored relationship connecting gut volume and bacterial diversity.
Results: The bacterial diversity of 189 faeces produced by 71 vertebrate species covering a body mass range of 5.6 
log. The animals comprised mammals, birds and reptiles. The diversity was evaluated based on the Simpson Diver‑
sity Index extracted from 16S rDNA gene fingerprinting patterns. Diversity presented an increase along with animal 
body mass following a power law with a slope z of 0.338 ± 0.027, whatever the age, phylogeny, diet or digestive tract 
structure.
Conclusions: The results presented here suggest that gut volume cannot be neglected as a major driver of gut 
microbial diversity. The characteristics of the gut microbiota follow general principles of biogeography that arise in 
many ecological systems.
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Background
Among a number of parameters, the ‘size’ of an eco-
system is often assumed to have a key impact on the 
management of diversity. In fact, the species-area rela-
tionship is central to the ecological theory [1] and was 
first described for macro-organisms [2]. For bacteria, the 
species-area relationship is generally expressed in terms 
of habitat volume (i.e., volume-area relationship) and has 
been illustrated in liquid sump tanks of metal-cutting 
machines [3], membrane bioreactors [4] and tree holes 
(i.e., rainwater accumulated in holes at the base of large 
trees) [5]. However, until present, the microbial species-
volume relationship has never yet been studied for gut or 
body size, even though vertebrate gut size covers a wide 
range of magnitudes. There is a 106 body mass factor 
between a tiny bird or a shrew and an elephant.
The vertebrate gut hosts a microbial community that 
fulfils many vital functions for the host: it enhances 
resistance to infection, stimulates mucosal immune 
defences, synthesizes essential vitamins and promotes 
caloric uptake by hydrolysing complex carbohydrates. 
The bacterial populations inhabiting the gut are com-
plex, varying considerably from individual to individual 
and from species to species. However, gut microbial eco-
systems are not a random association of microbes but 
are shaped by the host. A transfer occurs vertically from 
mothers to offspring or horizontally between individuals 
within a specific group. Such transfers have given rise to 
the long-standing co-evolution of microbiota and their 
hosts [6].
The benefit of bacterial diversity in the human gut 
has often been highlighted [7] and driving factors such 
as age [8], diverse lifestyles [9] and diet variations [10] 
have already been explored. Despite such an interest, the 
relationship between body mass and gut microbiota has 
never been explored whereas, in contrast, the positive 
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links between the abundance of parasitic organisms or 
protozoal faunas and animal body size have been thor-
oughly referenced [11] [12]. The aim of the present study 
is to analyse a large bacterial dataset, comprising faeces 
collected from 71 different vertebrate species, in order to 
examine the effect of the volume-microbial diversity rela-
tionship in animal digestive tracts.
Methods
Sampling
All the animal samples were obtained from domesticated 
or captive populations in France (zoo, farm, aquarium, 
recreative farm or individual keeper). There is non-exper-
imental research dedicated for this study, faeces samples 
were collected on ground with the animal keeper or ani-
mal owner without stresses for the animals. We obtained 
permissions from Lunaret zoo, Montpellier; Océano-
polis, Brest; Réserve Africaine, Sigean; Mini Ferme Zoo, 
Cessenon sur Orb and consent from the animal owners 
(Jean-Philippe Steyer, Anais Bonnafous, Jean-Jacques 
Godon). Animal were living alone or in small groups (1 
to 5). Furthermore, their food (meat, seeds, fruits or hay) 
were more standardized in comparison to wild diets.
Human stool specimens used in the present study were 
from infant and adult subjects included in international 
multicentric studies. Samples were collected between 
2001 to 2005 and used on previous published studies. 
Infants samples were collected in the frame of the Euro-
pean project INFABIO (http://www.gla.ac.uk/depart-
ments/infabio/), ethical permission was obtained from 
Yorkhill Research Ethics Committee P16/03 and parents 
gave written informed consent [13]. Adults samples were 
collected in the frame of the European project Crownal-
ife, the studies were approved by the Ethics Committee 
of Versailles Hospital Centre and written informed con-
sent was obtained from all participants [14]. Approval 
for Institut National de la Recherche Agronomique to 
manage human-derived biological samples in accordance 
with Articles L.1243-3, R.1243-49 of “Code de la Santé 
Publique” was granted by the Ministry of Research and 
Education under number DC-2012-1728.
Faeces from 189 individuals belonging to 71 vertebrate 
species (31 mammals, 37 birds and 3 reptiles) were col-
lected (Table 1). They were sub-divided into 80 categories 
according to species or to body mass (i.e., age (young–
adult), sex (female–male), breed size (small–big–domes-
ticated–wild), see Table  1). Body masses were provided 
by the breeder for large animals or obtained from liter-
ature for small animals. Body masses, along with diver-
sity, were displayed with a logarithmic scale in order to 
highlight the linear shape of the power-law relationship. 
Except for the distinct dimorphism of male and female 
turkey samples, an average value of male and female 
body mass values was used. Dwarf or young individu-
als from the same species were also classified in specific 
body mass categories. For example, human samples were 
divided into two body mass categories: babies between 1 
and 10 months old (mean of 5.8 kg) and adults between 
29 and 61 years old (set at 70 kg). Composite faeces sam-
ples were avoided except for those that could not provide 
enough material for DNA extraction (less than 0.5 g).
DNA extraction, PCR amplification and Capillary 
Electrophoresis Single Strand Conformation Polymorphism 
(CE‑SSCP) fingerprinting
Genomic DNAs were extracted from 0.5 g of raw mate-
rial using the procedure described by Godon et al. [15]. 
The V3 region of the 16S rRNA gene was amplified with 
Bacteria-specific primers and PCR products were ana-
lysed by CE-SSCP analysis using an ABI3130 Genetic 
Analyzer (Applied Biosystems, Foster City, CA, USA) in 
accordance with a previously described method [16]. All 
raw CE-SSCP data are available on Additional file 4.
Calculation of diversity and statistical computing
Diversity was estimated by the Simpson Diversity Index 
from CE-SSCP fingerprinting patterns. The Simpson 




i  where 
ai is the relative abundance of each CE-SSCP peak p. This 
index was directly calculated from each CE-SSCP finger-
print [17] using the R StatFingerprints library [18].
Preference was given to the Simpson Diversity Index 
from CE-SSCP fingerprinting rather than the Rich-
ness estimation because: (1) neither fingerprinting nor 
sequencing data can provide a robust estimation of rich-
ness [19]; (2) the Simpson Diversity Index can be esti-
mated accurately with CE-SSCP fingerprinting [17, 20].
A generalized linear model was applied to fit the rela-
tionship between body mass and diversity. ANOVA fol-
lowed by Tukey post hoc tests were used for determining 
the statistical difference between (sub-) categories and 
body mass or diversity, both expressed in a logarithmic 
scale. All statistics were performed under R software 
(version 3.1.2) [21]. The calculation of the slope z was 
based on the exponent of the power-law relationship as 
follows: diversity = c weightz.
Results and discussion
The bacterial diversity of faeces from 189 vertebrates 
belonging to 71 species (31 mammals, 37 birds and 3 
reptiles) was analysed (Table 1; Fig. 1). Analysis was only 
focused on diversity (Simpson Diversity Index), which 
can be accurately measured according to CE-SSCP fin-
gerprinting patterns [15] (see the “Methods” section and 
Additional file  1). Apart from their phylogenetic posi-
tion, animals can also be classified according to: (1) their 
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Table 1 Animal data ranked by body mass










Diversity SD Number 
of samples




0.012 Granivorous Hindgut colon Large 1.2 0.1 3
Serinus canaria (canary) Aves, Passeri‑
formes










0.04 Granivorous Hindgut colon Large 1.9 3.0 3




0.04 Granivorous Hindgut colon Small 2.3 0.0 2



















0.08 Granivorous Hindgut colon Small 1.4 0.3 2
Guira guira (guira cuckoo) Aves, Cuculi‑
formes





0.14 Granivorous Hindgut colon Small 2.6 1
Streptopelia decaocto (eura‑
sian collard dove)
Aves, Columbidae 0.19 Granivorous Hindgut colon Large 2.4 0.5 3









0.3 Omnivorous Hindgut colon Small 3.8 0.3 3
Columba livia (pigeon) Aves, Columbidae 0.3 Granivorous Hindgut colon Large 1.9 1





0.35 Frugivorous Hindgut colon Small 3.8 1
Agamia agami (agami heron) Aves, Ciconii‑
formes
0.46 Piscivorous Hindgut colon Small 3.6 1
Coracopsis vasa (vasa parrot) Aves, Psittaci‑
formes
0.5 Frugivorous Hindgut colon Small 2.4 1




0.6 Herbivorous Hindgut caecum Small 4.2 0.1 2
Ramphastos tucanus (white‑
throated toucan)
Aves, Piciformes 0.675 Frugivorous Hindgut colon Small 3.6 0.4 3
Chrysolophus pictus (golden 
pheasant)
Aves, Galliformes 0.700 Granivorous Hindgut caecum Small 3.4 1




0.8 Herbivorous Hindgut caecum Large 5.0 0.2 3
Anas acuta (northern pintail) Aves, Anatidae 0.9 Granivorous Hindgut caecum Small 3.6 1
Elaphe guttata (corn snake) Sauropsida, 
Serpentes










1 Granivorous Hindgut colon Small 2.8 0.1 2
Anas platyrhynchos (wild 
type duck)a
Aves, Anatidae 1.1 Granivorous Hindgut caecum Large 3.1 1
Neochen jubata (orinoco 
goose)
Aves, Anatidae 1.25 Granivorous Hindgut caecum Small 3.5 1
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Table 1 continued










Diversity SD Number 
of samples
Gallus gallus (chicken)a Aves, Galliformes 1.5 Granivorous Hindgut caecum Large 1.7 0.5 6
Numida meleagris (guinea‑
fowl)
Aves, Galliformes 2 Granivorous Hindgut caecum Large 3.0 0.7 3





2.2 Herbivorous Hindgut caecum Large 4.5 0.7 3
Anas platyrhynchos (domes‑
tic duck)a





2.6 Piscivorous Hindgut colon Large 1.6 0.6 3




3 Herbivorous Hindgut colon Large 5.6 1
Meleagris gallopavo (turkey 
female)a
Aves, Galliformes 3 Granivorous Hindgut caecum Small 2.2 1
Thylogale sp. (pademelon) Mammalia, Marsu‑
pials
3.5 Herbivorous Hindgut colon Small 4.3 1
Cairina moschata (muscovy 
duck)
Aves, Anatidae 4 Granivorous Hindgut colon Large 3.3 2




4 Herbivorous Hindgut caecum Small 3.4 1




4 Carnivorous Hindgut colon Small 2.6 1
Pavo cristatus (blue peafowl) Aves, Galliformes 5 Granivorous Hindgut caecum Small 3.7 0.1 2
Anser anser domesticus 
(domestic goose)
Aves, Anatidae 5 Granivorous Hindgut caecum Small 3.5 0.1 2




6 Omnivorous Hindgut colon Small 3.2 0.7 15
Meleagris gallopavo (turkey 
male)a
Aves, Galliformes 8 Granivorous Hindgut caecum Small 3.8 1




9 Herbivorous Hindgut colon Small 4.8 1
Hylobates lar (gibbon) Mammalia, 
Primates





13 Piscivorous Hindgut colon Small 2.8 1.1 4
Capra hircus (dwarf goat) Mammalia, Rumi‑
nantia
15 Herbivorous Ruminants 
foregut
Small 5.2 1.1 2




20 Carnivorous Hindgut colon Small 3.2 1.1 2
Ovis aries (dwarf sheep)a Mammalia, Rumi‑
nantia
20 Herbivorous Ruminants 
foregut
Small 5.7 0.7 2




20 Herbivorous Ruminants 
foregut
Small 5.7 1




20 Herbivorous Ruminants 
foregut
Small 5.5 1




25 Herbivorous Hindgut caecum Small 5.7 1
Rhea americana (greater 
rhea)
Aves, Rheiformes 31 Granivorous Hindgut caecum Large 4.0 0.5 4
Ovis aries (sheep)a Mammalia, Rumi‑
nantia
40 Herbivorous Ruminants 
foregut
Small 5.0 1









40 Omnivorous Hindgut colon Small 5.3 1
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diet (herbivorous, granivorous, omnivorous, carnivo-
rous, piscivorous and frugivorous); (2) their metabolic 
body mass (from 12  g (zebra finch) to 3500  kg (Asian 
elephant)); (3) the structure of their digestive tracts; (4) 
and the size of the animal husbandry group (small and 
large). The present study focused on bacterial diversity, 
although changes within the structure of the bacterial 
communities were not taken into account. This study is 
also based on two assumptions: (1) the gut size should be 
proportional to the animal body mass, as has been dem-
onstrated for herbivores [22] and birds [23]; and (2) the 
microbial diversity of faeces should be similar to that in 
the gut [24].
Results point to a correlation between animal body 
mass and microbial diversity (linear regression with 
a slope z of 0.338  ±  0.027; p value  <2.2  ×  10−16), 
Table 1 continued
















40 Granivorous Hindgut colon Small 3.9 1
Capra hircus (goat) Mammalia, Rumi‑
nantia
50 Herbivorous Ruminants 
foregut
Small 7.0 1
Sus scrofa (dwarf pig)a Mammalia, Suina 55 Omnivorous Hindgut colon Small 5.4 0.4 2
Lama glama (llama) Mammalia, 
Tylopoda
55 Herbivorous Ruminants 
foregut
Small 5.4 1




70 Omnivorous Hindgut colon Large 4.4 0.8 34





100 Herbivorous Ruminants 
foregut
Small 7.5 1
Struthio camelus (ostrich) Aves, Struthioni‑
formes
120 Herbivorous Hindgut colon Small 4.4 0.2 3
Equus asinus (donkey) Mammalia, 
Equidae
150 Herbivorous Hindgut caecum Small 5.3 0.4 2
Ammotragus lervia (aoudad) Mammalia, Rumi‑
nantia
150 Herbivorous Ruminants 
foregut
Small 6.1 1
Equus caballus (pony) Mammalia, 
Equidae
160 Herbivorous Hindgut caecum Small 5.6 0.1 2
Panthera leo (african lion) Mammalia, Car‑
nivora
160 Carnivorous Hindgut colon Small 4.4 1




350 Herbivorous Hindgut caecum Small 5.4 1











500 Herbivorous Ruminants 
foregut
Small 3.2 1
Bos grunniens (yak) Mammalia, Rumi‑
nantia
600 Herbivorous Ruminants 
foregut
Small 5.3 1




600 Herbivorous Ruminants 
foregut
Small 6.2 1
Bos taurus (cow) Mammalia, Rumi‑
nantia
750 Herbivorous Ruminants 
foregut





1100 Herbivorous Ruminants 
foregut
Small 6.4 1




1100 Herbivorous Ruminants 
foregut
Small 6.6 1




2500 Herbivorous Hindgut colon Small 5.6 1




3500 Herbivorous Hindgut colon Small 4.9 1
SD standard deviation
a  species with different sizes (young-adult, female-male, small-big or domesticated-wild)
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irrespective of the diet, phylogeny or structure of the 
digestive tracts (Fig. 1). Consequently, the use of a greater 
amount of samples over a wider size range confirms pre-
vious works on unrelated bacterial communities that 
have suggested the existence of a link between volume 
and diversity in tree holes [5], membrane bioreactors [4] 
and metal-cutting fluid sump tanks [3]. In the present 
results, the Simpson Diversity Index ranges between 3.3 
and 1789.5, thus corresponding to a 5.6 log body mass 
range (Fig. 1).
A wide variability in the diversity between individu-
als for a given species was observed. However the aver-
age diversity value for species that were represented 
by several individuals was close to the regression line 
(Fig. 1). For example, the average diversity value for adult 
human microbiota (34 samples) was 80.8 with a standard 
deviation of 294.2, and 23.7 ± 20.3 for the 15 baby human 
microbiota. As a matter of comparison, Trosvik et  al. 
[25] observed a similar range of diversity (over 2 log-
units of Shannon index) when analysing a time-series of 
332 sequencings over 443  days, on a single male adult 
individual.
Animal gut microbiota covered a broad range of diver-
sity ranging from 2.2 to 1808.0. This was comparable to 
the values found in various types of environment, like 
drinking water, raw milk, plant roots, activated sludge in 
wastewater treatment plants, compost or soil (Additional 
file  2). On one hand, the lowest diversity in gut micro-
biota varied around 2, similarly to those found in drink-
ing water. On the other hand, the highest diversity in gut 
microbiota reaching about 1808 resembled the values 

























































































































































Fig. 1 Relationship between the animal body mass and the Simpson Diversity Index for gut microbiota. Diamonds, circles and triangles correspond 
to birds, mammals and reptiles, respectively. Small, medium and large sizes correspond to 1, 2–5, >10 individuals, respectively. Green, brown, grey, red, 
blue and yellow colors correspond to herbivorous, granivorous, omnivorous, carnivorous, piscivorous and frugivorous diets, respectively. Bold fonts 
make reference to the animals mentioned in the text
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This vast range of variations in gut diversity is often 
associated with factors that are different to the body 
mass: diet [10], phylogeny [26], digestive tract struc-
ture [27], age [8] [28], way of life [29], ethnic origin [30], 
state of health (immune system, pregnancy, obesity) [31] 
[32], or genetic background [32]. Among these param-
eters, age has been well documented as the major one 
to explain these variations and the diversity or richness 
between human baby microbiota and those of adults [33] 
[34]. However the size of the gut also varies during infant 
growth. In this case, a difference in the microbial diversity 
between infant (29.9  ±  20.3) and adults (106.6  ±  76.0) 
was observed, concomitantly with changes in body mass 
when comparing human babies (6.5  ±  1.9) and adults 
(70  kg). The same observation was made for young and 
adult dog samples (Table  1). Furthermore, when com-
paring two penguin species that only differ in their body 
mass (only adult specimens, with the same diet and living 
in the same location), the relationship between microbial 
diversity and body mass still remain valid.
The correlation between body mass and diversity has 
been assessed for homogenous sub-categories (Table  2 
and Additional file  3), thus excluding the potential 
effects of the different parameters. Indeed, the 189 
samples could also be analysed according to phylogeny 
(reptile, bird, and mammal), diet (carnivorous, herbivo-
rous, granivorous, omnivorous and piscivorous), gut 
structure (hindgut caecum, hindgut colon and foregut 
ruminant), age (baby and adult), and size of the animal 
husbandry group (small and large). Except for the lat-
ter category, all of them depended on the body mass 
(e.g. body mass was related to phylogeny, related to 
age or to ruminants). Significantly positive body mass/
diversity correlations were observed for each sub-cat-
egory, provided that a sufficient amount of data was 
available (over 50 samples minimum per sub-category) 
(Table  2; Additional file  3). The significant slopes z of 
the mass-diversity relationships generally ranged from 
0.202  ±  0.043 to 0.380  ±  0.039. As the herbivorous 
group only contained 44 samples, the interestingly weak 
body mass diversity correlation with a z value of 0.137 
could not be correctly interpreted.
The observed slope z was similar to that reported for 
‘island’ patterns of bacterial diversity such as metal-
cutting fluid sump tanks (z =  0.245–0.295) [3] and tree 
holes (z = 0.26) [5] and varied within a similar range to 
that reported for plants and animals from discrete islands 
(z = 0.25–0.35). The slope z-values reported for continu-
ous patterns (such as marsh sediment [35] with z-values 
between 0.02 and 0.04) are generally much lower than 
those reported for discrete habitats.
According to these results, which confirm the assump-
tion that species and volume are related, guts can 
compared to an archipelago, where microbes originating 
from feed tend to colonise the available niches provided 
by the gut. This is also in line with the MacArthur and 
Wilson biogeography theory [1]. Size, similarly to island 
environments appears to reflect the heterogeneity of the 
environment. Hence, a large gut size should provide more 
space, enabling a large microbial diversity to settle in [36].
Conclusions
The aim of this study was not to explain the genesis of 
bacterial diversity in vertebrate guts but was rather 
focused on producing evidence on the role of gut size 
in the maintenance of a level of microbial diversity. This 
work highlights the hitherto unexplored relationship 
between volume and diversity in the case of gut microbi-
ota. Gut volume should henceforth be taken into account 
along with other parameters to explain the level of diver-
sity. Finally, this work confirms the relevance of the 
microbial world when addressing ecological issues such 
as the relationship between species diversity and the size 
of the habitat [37].
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